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Abstract
A mixed-species geometric phase gate has been proposed
for implementing quantum logic spectroscopy on trapped
ions, which combines probe and information transfer
from the spectroscopy to the logic ion in a single pulse.
We experimentally realize this method, show how it can
be applied as a technique for identifying transitions in
currently intractable atoms or molecules, demonstrate its
reduced temperature sensitivity, and observe quantum-
enhanced frequency sensitivity when applied to multi-ion
chains. Potential applications include improved readout
of trapped-ion clocks and simplified error syndrome mea-
surements for quantum error correction.
1 Introduction
Quantum logic spectroscopy (QLS) can be used for
internal-state preparation and readout for atomic and
molecular ion species that lack a suitable electronic level
structure to directly implement these tasks [1, 2, 3, 4].
In principle, through the use of a “logic ion” (LI) and its
motional coupling to a co-trapped “spectroscopy ion”
(SI), QLS allows control over any ion species. The tra-
ditional QLS protocol, as presented in [1], has two main
limitations. First, it requires the ions to be cooled to
near the motional ground state. Second, its readout effi-
ciency scales poorly with the number of SIs, which could
pose an obstacle to achieving the improved stability that
could come from scaling quantum-logic-enabled atomic
clocks to multiple ions [5]. Methods have been devel-
oped to mitigate these effects using repetitive quantum
nondemolition (QND) measurements [6, 7, 8]. However,
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applying them might not be possible due to an unsuit-
able electronic structure, and repetitive measurements
will decrease the duty cycle of the spectroscopy probe.
Here we demonstrate a QLS method proposed in [9]
based on a geometric phase gate that is often used in
quantum information processing for multi-qubit entan-
gling gates. This type of geometric phase gate has pre-
viously been used on a mixed-species ion pair to im-
plement quantum logic readout with reduced tempera-
ture sensitivity as part of a controlled-NOT operation
[10]. In that experiment, the interrogation and detec-
tion of the SI were accomplished with separate laser
operations. Here we explore a technique, using only a
Mølmer-Sørensen (MS) interaction [11, 12, 13, 14, 15],
to simultaneously implement both the spectroscopy op-
eration and transfer of SI state information to the LI for
readout. This reduces temperature sensitivity compared
to traditional QLS. Additionally, the technique can be
applied to multiple SIs, for which it features Heisenberg-
limited spectroscopic sensitivity [16, 17]. While our tech-
nique shares some features with previous work, which im-
plemented Heisenberg-limited Ramsey [18, 19] and Rabi
spectroscopy [20], it extends metrology that takes ad-
vantage of entanglement to a wider range and number of
spectroscopy ions [9].
2 Description of the method
2.1 Basic operations
We consider the LI and SI as effective two-level (spin-
1/2) systems, with measurement-basis states labeled
{|↑LI〉 , |↓LI〉} and {|↑SI〉 , |↓SI〉} respectively. The LI and
SI are coupled through a shared harmonic oscillator nor-
mal mode of motion with frequency ωm and eigenstates
|n〉. To implement the spectroscopy scheme, we require
interactions that can drive motional sideband transitions
|↓〉 |n〉 ↔ |↑〉 |n± 1〉 on the LI and SI independently with
“+” denoting a “blue” sideband (BSB) and “−” a “red”
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sideband (RSB). Such interactions can be implemented
with laser fields [21, 22] and microwave fields [23, 24].
The detuning of the BSB (+) and RSB (−) of the LI rel-
ative to the spin transition is given by δLI = ±(ωm+δMS)
while for the SI it is δSI = ±(ωm+δMS)+δS . The detun-
ing δMS is equal for the LI and SI sidebands and serves
to implement the MS interaction [13]. The SI sidebands
can be further detuned by a variable δS , a common de-
tuning of the BSB and RSB that enables scans to locate
the SI resonance frequency, which would initially be un-
known in a general spectroscopy experiment. Note that
ωm and δMS can be calibrated with experiments on the
LIs without prior knowledge of SI properties.
For simplicity, consider M SIs and N LIs, where either
N = 1 and M is odd or both M and N are even, and all
ions have equal sideband Rabi frequencies Ωsb. In both
cases, if the BSBs and RSBs are applied simultaneously
and on resonance (δS = 0) for tMS = 4pi/δMS (twice the
duration of a typical MS entangling operation UMS), and
with detuning δMS = 4Ωsb, the system undergoes (up to
a global phase factor) a complete spin-flip
U2MS = σ
(1)
x ⊗ σ(2)x ⊗ ...⊗ σ(M+N)x . (1)
Here σ
(i)
j are the Pauli operators (j{x, y, z}) acting
on ion i. In contrast, if the SIs are far off resonance
(δS  Ωsb), only the N LIs partake in the MS interac-
tion. We will call this operation a “mutually-controlled
multi-flip” (shortened to “multi-flip” in the following).
See Appendix A.2 for the full MS Hamiltonian and de-
tails of the implementation.
For N = 1 and the SIs far off resonance, the effect
on the single LI is just a phase factor eipi/4. Crucially,
irrespective of the initial states of SIs and LI, all spins
flip if the SIs are on resonance, while they all remain
the same (up to a phase factor) if the SIs are far off
resonance. For intermediate detuning, δS ' Ωsb, the
dynamics are complicated, leading to substantial popu-
lations in several basis states. The probability of the LI
flipping as a function of δS (i.e. the spectral line-shape) is
not straightforward to express analytically and depends
on the temperature of the motional mode, but qualita-
tively the logic ion continuously transfers from no flip to
a full flip as δS is swept from far detuned to resonance.
For M and N even, and with the SIs far off resonance,
the LIs undergo the usual MS interaction in their sub-
space while the SIs are unaffected, described by
ISI ⊗ σ(1)x ⊗ σ(2)x ⊗ ...⊗ σ(N)x , (2)
where ISI is the identity operator acting on all M SIs
and σ
(i)
x acts on LI i ∈ {1, ..., N}. With the SIs on
resonance or far off resonance, the LIs flip, but other
states are populated for an intermediate detuning δS '
Ωsb leading to a characteristic, temperature-dependent
line-shape. Generalizing to other numbers of SIs and
LIs complicates the discussion, but does not change the
basic mechanism [25].
In all cases, the multi-flip does not depend on the ini-
tial states of the two species and retains the reduced tem-
perature sensitivity of the MS interaction in the Lamb-
Dicke (LD) regime [13], so it can be used as a robust
combined spectroscopy probe and readout method. As
described so far, the multi-flip is analogous to Rabi spec-
troscopy and ideally achieves a Fourier-limited frequency
resolution of ∼ 1/tMS when scanning the detuning δS .
The characteristics of Ramsey spectroscopy appear when
the MS interaction is applied twice with a duration of
tMS/2 (effective pi/2-pulses) before and after a period TR
of free evolution. Analogous to traditional Ramsey spec-
troscopy, this sequence ideally achieves Fourier-limited
frequency resolution (1/TR for a single SI) if the effec-
tive pi/2-pulses are much shorter than the Ramsey free
evolution time, i.e. tMS  TR. As discussed in the next
section, for more SIs driven on resonance, M -partite en-
tangled “Schro¨dinger-cat spin states” [26, 27, 19] evolve
during TR to ideally achieve Heisenberg-limited resolu-
tion.
2.2 Heisenberg scaling
If the multi-flip is applied to multiple SIs, they transi-
tion through an entangled state during the probe (this
occurs naturally for the MS interaction on resonance
[10]), resulting in increased frequency sensitivity, i.e.
providing Heisenberg scaling with the number of SIs
[17, 18, 19, 9, 20]. This becomes especially clear in the
Ramsey version of the protocol. For example, if an en-
semble of N SIs and M LIs (N,M even) is prepared
in the spin-up state |↑1, ↑2, ... ↑N+M 〉, the first Ramsey
pulse will result in a “Schro¨dinger-cat spin state” for the
SIs and LIs. Its evolution is then mapped onto the LIs
with the second Ramsey pulse. The LIs being part of
the entangled state does not add frequency sensitivity.
In principle a single LI would suffice, although a larger
number of LIs could result in a better detection signal
(for example, with three or more LIs one can do a ma-
jority vote to decide whether the SIs have flipped or not)
and improve the initial cooling of the mixed-species ion
chain. For best performance and the simplest implemen-
tation, the mode of motion being driven in the MS in-
teraction should ideally have the same mode amplitudes
for all ions of the same species. For long ion chains this
could be approximately achieved by using the in-phase
mode of motion (see Appendix C).
2.3 Influence of LI properties on the pro-
tocol
We note that by symmetry between the LIs and SIs in
this protocol, any detuning of the LIs from resonance
will shift the line-center in Rabi spectroscopy and the
fringe pattern in Ramsey spectroscopy. In addition, any
decoherence of the SIs or LIs will reduce the contrast
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of the signal. If the LIs have worse stability or coher-
ence than the SIs (which could be the case in an atomic
clock) a frequency shift or loss of contrast due to the
LIs can be reduced by dynamically decoupling them.
This can be accomplished by dividing the MS interac-
tion into equal-duration sections and interspersing suit-
able pi-pulses that act only on the LIs (see Appendix B
for example sequences). Since noise in both the SI and
LI lasers perturbs the spectroscopy signal equally, the
absolute frequency stability of the LI transition needs to
be better than that of the SI transition. This condition
could be satisfied if the LI transition frequency is much
lower than the SI transition frequency, for example by
using an optical transition for the SIs and a hyperfine
transition for the LIs. The dependence of the LI’s spin
population on both the LI and SI can also be used to im-
plement an “atomic combination clock” using two clock
species [28], where one of the clock species would not
need direct readout.
3 Implementation and Results
3.1 Basic method
We demonstrate the basic features of this method on
a mixed-species ion pair of electronic ground-state hy-
perfine qubits composed of one SI (25Mg+ with the two-
level system defined as |↑〉Mg = |3, 1〉 and |↓〉Mg = |2, 0〉,
with a frequency splitting ωMg ≈ 2pi × 1.7632 GHz at
the applied magnetic field of B ≈ 11.9 mT) and one LI
(9Be+ with |↑〉Be = |1, 1〉, |↓〉Be = |2, 0〉, with a frequency
splitting ωBe ≈ 2pi × 1.2075 GHz at the same magnetic
field), with the MS interaction implemented on the in-
phase mode of motion along the (axial) direction defined
by the line connecting the equilibrium positions of both
ions. We perform Rabi- and Ramsey-type experiments
with both axial modes of motion initially cooled to the
ground-state, while the LI is prepared in |↑〉 and the SI
in either |↑〉 or |↓〉. We repeat this procedure for a range
of values of δS and detect both the LI and SI spin states
(see Appendix A.1 for details on cooling, state prepara-
tion, state detection and the MS interaction). The LI
is driven on resonance throughout the entire series of
experiments.
As predicted for the multi-flip protocol, both the LI
and SI show a clear simultaneous resonance at δS = 0,
independent of the initial SI states (Fig. 1 (a), (b)).
The asymmetries visible at larger detuning arise from
the red-/blue-detuned light fields of the MS interaction
becoming resonant with red or blue sideband transitions
when δS = ±δMS. For large values of δS, the spin states
of both ions remain unchanged. To fit the full spectrum
of these Rabi-type experiments we numerically simulate
the evolution of the full system Hamiltonian without
making the LD approximation, truncating the harmonic
oscillator Hilbert space at n = 10. We fit the result-
ing spin populations to the data. We use the parame-
ter c to define ΩMS(LI) = cΩMS and ΩMS(SI) = ΩMS/c
and optimize by varying c, ΩMS, δMS, and tMS. We
chose this parametrization of the Rabi frequencies be-
cause Ω2MS = ΩMS(LI)ΩMS(SI) is calibrated precisely, but
we cannot assume c = 1 because we do not precisely cal-
ibrate the SI and LI Rabi rates separately. We find good
agreement between the data and fit. In principle it is pos-
sible to set c > 1 deliberately if the SI laser intensity is
too low to achieve ΩMS(SI) = ΩMS(LI) and increasing the
gate duration would lead to detrimental effects. These
experiments confirm that the initial spin state of the SI
does not significantly impact the spectroscopy signal of
the LI and that the LI’s signal faithfully represents the
SI’s spin resonance.
When cooling the ions to the ground state and sweep-
ing δS in a Ramsey-type experiment with free evolution
time TR = 1 ms, we observe the expected sinusoidal pat-
tern for both species with a contrast in the LI signal
of 0.89(1) (Fig. 1 (c)). The imperfect signal contrast,
caused by experimental error sources (the leading con-
tributions are most likely relative phase fluctuations be-
tween the Raman beam pairs), reduces the frequency
sensitivity of the measurement (slope) by a factor equal
to the contrast. This is not a fundamental limit of the
method and could be improved by reducing the experi-
mental errors.
3.2 Robustness of the method
To demonstrate the robustness of the multi-flip, we per-
form two sets of experiments under non-ideal conditions.
In the first instance we investigate the effects of un-
wanted residual thermal motion. Instead of ground-state
cooling, we only Doppler cool the LI of the ion pair
(resulting in thermal states with mean occupations of
n¯ = 3.3(5)/1.7(1) for the axial in-phase/out-of-phase
modes of motion; the MS interaction is again imple-
mented using the in-phase mode). We tune the Rabi
frequencies for both species to the optimal values. The
LI shows a resonance with a contrast of ≈ 65 % in a Rabi
experiment (Fig. 1 (d)) and 57(2) % in a Ramsey experi-
ment (Fig. 1 (e)). Here, the reduction in contrast can be
attributed to the relatively high LD-parameters of our
experiment (ηBe ≈ 0.17 and ηMg ≈ 0.29 for the in-phase
mode). From simulations we find a contrast of ≈ 97 %
for a Rabi-type experiment using the same thermal exci-
tation as in the experiment (n¯ = 3.3) but LD-parameters
of η = 0.1 for LI and SI. This ability to operate with im-
perfect motional ground state preparation in frequency
measurement/clock applications can save time otherwise
spent on ground-state cooling, improving the duty cycle
(thereby reducing the Dick effect [30, 31]).
In another set of experiments, we consider a case where
Ω2MS is not ideal. This is important because generally for
a given choice of ΩMS(LI), the SI laser intensity needed to
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Figure 1: Spin populations for the LI-SI pair (SI: blue,
LI: orange). For Rabi experiments (figures a, b, d, f,
g) fits are displayed in matching colors. LI populations
in Ramsey experiments (c,e) are fit with sinusoids. (a)
Rabi spectroscopy with the SI’s spin state initialized to
|↑SI〉, (b) Rabi spectroscopy with the SI’s spin state ini-
tialized to |↓SI〉. (c) Ramsey spectroscopy with a con-
trast of 0.89(1). (d) Rabi and (e) Ramsey spectroscopy
(contrast 0.57(2)) with Doppler cooling only. Rabi spec-
troscopy with (f) ΩSI = ΩMS/2 and (g) ΩSI = 2 ΩMS. In
all figures, error bars are calculated assuming quantum
projection noise only [29]. Each data point represents
the average outcome of 200 repetitions of the experiment
(100 for figure e).
provide the corresponding ideal ΩMS(SI) may not initially
be known. We ground-state cool the ion pair, and set
the Rabi frequency ΩMS(SI) of the SI MS interaction to
roughly half (Fig. 1 (f)) or twice the optimal value ΩMS
(Fig. 1 (g)). The experiment with the SI Rabi frequency
reduced (increased) by a factor of two shows a contrast of
≈ 40 % (≈ 70 %) in the LI signal, which is still centered
at δS = 0. In addition to the reduction in contrast,
the LI signal exhibits increased side-lobes when the SI is
overdriven.
For ΩMS(SI) = 2ΩMS, the additional resonances where
the blue- (red-)detuned frequency component of the MS
interaction is resonant with the blue (red) sideband tran-
sition (δS = ±δm) are more strongly pronounced. This
implies that one should under-drive the SI once a res-
onance is found to make the interpretation of the line-
shape more straightforward. Counter-intuitively, the SI
signal shows a much stronger sideband resonance when
it is under-driven (Fig. 1(f)). This is because the weak-
ened MS interaction causes reduced coupling between
the spins. When ΩSI > ΩMS, the MS interaction in-
creases, causing the LI and SI spectra to overlap over a
larger range of detunings.
We fit all datasets as described in section 3.1. When
fitting the Doppler-cooled data, the harmonic oscillator
Hilbert space is truncated at n = 20 and a thermal state
with n¯ = 3.3 is used as the initial state.
For comparison, simulations of traditional QLS using
the thermal excitation measured in the experiment with
just Doppler cooling give a contrast of ≈ 23 % in a Ram-
sey sequence (compared to ≈ 57 % with the multi-flip).
The pulse durations are optimized numerically for best
contrast. Both the pulse durations and the contrast de-
pend on the temperature. Lowering the LD-parameter
as proposed for the multi-flip when using Doppler cool-
ing results in a decrease of the contrast for the tradi-
tional QLS. For the above simulated example of n¯ = 3.3
and LD-parameters η = 0.1 for both the LI and SI, the
traditional QLS would result in a contrast of ≈ 18 %.
With the SI Rabi frequency reduced by a factor of two
in a Rabi sequence using the traditional QLS we pre-
dict a contrast of 50 % (compared to ≈ 40 % for the
multi-flip). With the SI Rabi frequency increased by
a factor of two in the traditional QLS no usable sig-
nal exists on resonance, but symmetric side peaks at
≈ ± 2pi×300 kHz relative to the resonant frequency show
a contrast of ≈ 47 %, which could also be used to identify
the transition (compared to ≈ 70 % on resonance for the
multi-flip). We conclude that imperfect Rabi-frequency
settings affect both the traditional QLS and multi-flip
roughly equally.
3.3 Demonstration of Heisenberg scaling
Finally, we demonstrate the behavior of the multi-flip for
larger systems of ions and the naturally-arising Heisen-
berg scaling for frequency sensitivity. We use a four-ion
linear chain of two SIs (25Mg+ ) and two LIs (9Be+ ).
The ions in the chain are ordered 9Be+ -25Mg+ -25Mg+ -
9Be+ . We implement the MS interaction on the mo-
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tional mode in the axial direction, for which the 9Be+ -
25Mg+ pair of the chain oscillates out of phase with the
remaining 25Mg+ -9Be+ pair. All axial motional modes
are cooled to the ground state and the spin state of
the ions is initialized to |↑LI↑SI↑SI↑LI〉. We perform a
Ramsey-type experiment (Fig. 2) with free evolution
time TR = 500µs and observe a contrast of 75(2) % with
the same Ramsey fringe oscillation frequency as the two-
ion experiment for TR = 1 ms, consistent with Heisen-
berg scaling.
3.4 Applications in quantum informa-
tion processing
The multi-flip can be used on resonance (δS = 0) as a
QND measurement method to detect if the SI (or qubit)
is in the intended two-level manifold. In particular, if the
SI can be described as a three-level system, with levels a
and b defining a qubit and c an auxiliary state, the multi-
flip can be used to detect any leakage into level c, which
in a quantum information processing context would be
described as a leakage error. When the multi-flip is ap-
plied to the a-b state-manifold, the final state of the LI
will indicate if a leakage event has occurred and if not,
the qubit can be restored with a single-qubit rotation
that reverses the rotation of the SI caused by the multi-
flip. Leakage will be relevant at some level for almost
any quantum information or spectroscopy application.
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Figure 2: Spin populations for the four-ion chain LI-SI-
SI-LI (SI: blue, LI: orange), initially prepared in the spin
state |↑LI↑SI↑SI↑LI〉, performing Ramsey spectroscopy
with free evolution time TR = 500µs. The data shows
the same Ramsey-fringe oscillation frequency as the LI-
SI data with TR = 1 ms, consistent with Heisenberg scal-
ing. We fit a sinusoidal curve (solid curve) to the LI-LI
data and extract a contrast of 75(2) %. In this experi-
ment tMS ≈ 64 µs. Error bars are calculated assuming
quantum projection noise only. Each data point repre-
sents the average outcome of 200 repetitions of the ex-
periment.
Streamlined QND detection of this error could reduce
error-correction overhead [32]. Similar ideas about the
use of the multi-flip for detecting leakage errors were
contemplated by Schindler et al. [33].
The multi-flip could also be used as a general QND
readout method of the populations of a two-level system
in trapped ions: invoking the three-level model described
in the previous paragraph, the MS multi-flip could be
used to determine the populations of the states a and
b by applying the multi-flip to the state manifolds a-
c or b-c. This QND measurement could also be used
to improve readout fidelity in frequency measurement
and clock applications with potentially fewer repeated
applications compared to [6, 7, 8] due to higher single-
shot fidelity.
4 Conclusion
We have demonstrated a new method for QLS based
on the MS interaction using a mixed-species ion sys-
tem, showing its basic behavior, its robustness to ex-
perimental imperfections and how it scales to larger
systems. This “multi-flip” technique provides a spec-
troscopy method with improved readout performance
compared to traditional QLS. Additionally, it can be
used as a combined multi-ion-clock probe and readout
technique, naturally providing Heisenberg scaling, which
could help improve the stability of ion-based optical
clocks. Further applications of the multi-flip in quan-
tum information include optimized QND error-syndrome
measurements, which may help to scale future trapped-
ion quantum computers to larger numbers of qubits. The
MS multi-flip could also be generalized to other systems
where oscillators can be coupled to two-level systems,
such as superconducting circuits, the ro-vibrational lev-
els of a molecule or micro/nanomechanical resonators.
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A Methods
A.1 State preparation and readout
At the start of each experiment, the 9Be+ ion (LI) is
optically pumped to |2, 2〉 in the S1/2 electronic ground
state. Similarly, we optically pump the 25Mg+ ion (SI)
to the |3, 3〉 electronic ground state. This is followed by
Doppler cooling of 25Mg+ and then 9Be+ , implemented
by driving the S1/2 |3, 3〉 ↔ P3/2 |4, 4〉 cycling-transition
for 25Mg+ and the S1/2 |2, 2〉 ↔ P3/2 |3, 3〉 cycling tran-
sition for 9Be+ with σ+-polarized light. For ground-
state initialization of both axial modes of the 9Be+ -
25Mg+ ion pair, Raman sideband cooling is applied to
the 9Be+ ion after Doppler cooling [34]. To transfer
9Be+ to the |1, 1〉 = |↑〉Be state we use a microwave com-
posite pulse sequence that is robust against transition-
frequency detuning and Rabi frequency errors. The se-
quence is composed of the following resonant pulses:
R(pi, 0), R(pi, 5pi/6), R(pi, pi/3), R(pi, 5pi/6), R(pi, 0) [35],
where R(θ, φ) is the single-spin rotation defined as
R(θ, φ) =
(
cos (θ/2) −ie−iφ sin (θ/2)
−ieiφ sin (θ/2) cos (θ/2)
)
. (3)
With analogous pulse sequences, the 25Mg+ |3, 3〉 state
is transferred to the |2, 2〉 state and subsequently to the
|3, 1〉 = |↑〉Mg state.
To measure the qubit states the initial mapping pro-
cedure is reversed, putting the |↑〉Be, |↑〉Mg states back
in their respective cycling transition ground states. The
|↓〉Be ≡ |2, 0〉, |↓〉Mg ≡ |2, 0〉 states are shelved to |1,−1〉
and |2,−2〉, respectively, using a single microwave pi-
pulse for the 9Be+ |2, 0〉 → |1,−1〉 transition and com-
posite pulse sequences for the |2, 0〉 → |3,−1〉 and
|3,−1〉 → |2,−2〉 transitions of 25Mg+ . We subsequently
apply the Doppler-cooling laser beams tuned to reso-
nance and collect the fluorescence light of the ions with
an achromatic imaging system designed for both 313 nm
and 280 nm light [36]. With a detection duration of
330 µs for 9Be+ (200 µs for 25Mg+ ), we detect on aver-
age 30 photons per ion when they are in the |2, 2〉 (|3, 3〉)
state and 1.9 (0.7) photons when they are in the |1,−1〉
(|2,−2〉) state (predominantly from light scattered by
the trap structure). The qubit state is determined by
choosing a photon-count threshold of 10 counts such that
the states are maximally distinguished. To prepare the
initial state of the four-ion string 9Be+ -25Mg+ -25Mg+ -
9Be+ we use the same techniques and ground-state cool
all four axial modes. Here the qubit states are deter-
mined by fitting Poissionian distributions to histograms
of the count data.
A.2 Mølmer-Sørensen interaction, four-
ion entangled state
The MS Hamiltonian in the interaction picture can be
written (neglecting fast rotating terms, in the LD regime,
and for a single motional mode) as
Hˆ = h¯
∑
j
ΩMS,j(σˆ
+
j aˆ e
−i((δS,j−δm)t)+φr+
σˆ+j aˆ
†e−i((δS,j+δm)t)+φb) +H.c. , (4)
where the sum runs over the number of ions with j la-
beling the ion and ΩMS,j the Rabi frequency for each
ion, defined as ΩMS,j = ηjΩ0,MS,j with Ω0,MS,j the bare
Rabi frequency of each ion and ηj = δkjz0,jbj the re-
spective ion’s LD parameter. The difference of the k-
vectors of the Raman beams addressing the jth ion is
given by δkj , bj is the normalized motional mode am-
plitude of the jth ion, and z0,j =
√
h¯/(2mjωm) with
mj is the mass of the jth ion and ωm the oscillation
frequency of the motional mode used. The detuning
from the motional mode is δm, t the duration, δS,j the
detuning from the respective ion’s spin transition, σˆ+j
the respective ion’s spin raising operator, and aˆ( aˆ†) the
lowering (raising) operator of the motional mode used.
Without loss of generality, we can set all optical phases
to zero. Unless otherwise noted the Rabi frequencies
are assumed to be equal for all ions (ΩMS,j = ΩMS).
The implementation of the MS interaction on the two-
ion pair is as described in [10] with the difference that
the MS interaction is implemented on the axial in-phase
mode of motion which has an oscillation frequency of
≈ 2pi×2.1 MHz, resulting in LD parameters of ηBe ≈ 0.17
and ηMg ≈ 0.29 for the two species. We choose to imple-
ment the MS interaction for the four-ion chain (ordered
9Be+ -25Mg+ -25Mg+ -9Be+ ) on the motional mode in
the axial direction, for which the 9Be+ -25Mg+ part of
the chain oscillates out of phase with the remaining
25Mg+ -9Be+ part, which has an oscillation frequency of
≈ 2pi × 3.1 MHz, resulting in LD parameters of |ηBe| ≈
0.17 and |ηMg| ≈ 0.14 for the two species. When ap-
plying the MS interaction to the state |↑Be↑Mg↑Mg↑Be〉
for a duration t = 2pi/δMS ≈ 66 µs we measure a state
fidelity of 0.937(6) for the four-ion Schro¨dinger-cat type
state (|↑Be↑Mg↑Mg↑Be〉+ i |↓Be↓Mg↓Mg↓Be〉) /
√
2, by per-
forming an analysis of spin populations and spin parity
measurements [37]. For this we measure the spin state
of each ion individually by splitting the 9Be+ -25Mg+ -
25Mg+ -9Be+ ion chain into two 9Be+ -25Mg+ ion pairs
and detecting them sequentially by shuttling the pairs
individually into the region where the detection laser
beams are focused.
B Example for dynamical decou-
pling of the LI
Simple pulse sequences for dynamical decoupling of the
LI with pi-pulses is given by the following. For Rabi-
type spectroscopy: UMS(tMS/4), RLI(pi, 0), UMS(tMS/4),
RLI(pi, 0), UMS(tMS/4), RLI(pi, 0), UMS(tMS/4), where
6
UMS(t) is the MS interaction applied for a dura-
tion t and RLI(θ, φ) is a rotation of the LI spin
as defined in Appendix A.1. For Ramsey-type
spectroscopy: UMS(tMS/4), RLI(pi, 0), UMS(tMS/4),
Ufree(TR/2), RLI(pi, 0), Ufree(TR/2), UMS(tMS/4),
RLI(pi, 0), UMS(tMS/4), where Ufree(t) is the free evolu-
tion for the duration t. Using simulations, we find that
a sequence with only a single pi-pulse after half the Rabi
or Ramsey sequence mirrors the detuned resonance
feature, i.e. the resonance is centered on −δS(LI) instead
of δS(LI) when the MS interaction is detuned by δS(LI).
C Motional mode amplitudes for
long ion chains
For high multi-flip contrast, the Rabi frequencies of all
LIs and SIs should be the same. This can be challeng-
ing in long ion chains because the mode amplitudes will
in general be different for ions along the chain. How-
ever, this effect is least pronounced for the axial in-phase
mode of motion. To demonstrate this, we calculate the
mode amplitudes for 40Ca+ ,27Al+ chains with different
numbers of ions and find that the axial in-phase mode
amplitudes for ions of the same species differ by an exper-
imentally insignificant amount. For example, in a sym-
metric ion chain with 7 27Al+ and 6 40Ca+ (alternating)
ions confined by a potential with normal mode frequen-
cies for a single 27Al+ ion of 2pi × {6, 6.1, 1} MHz (with
the lowest value corresponding to the axial direction) we
find relative differences in the axial in-phase mode am-
plitudes for each ion species to be below 1%.
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